A cobaltoceniumethynyl gold(I) complex with a triphenylphosphane ligand triggered efficient cytotoxic effects in cancer cells in contrast to a derivative with two cobaltocenium moieties. The complex effectively inhibited the enzyme thioredoxin reductase (TrxR) suggesting this enzyme as a possible biological target. The cellular uptake of both metal fragments of the active complex was studied by atomic absorption spectroscopy and indicated a high biological stability of the complex. † Electronic supplementary information (ESI) available: More details of crystallography, Experimental section, videos of time-lapse microscopy. CCDC 1436182 and 1436183. For ESI and crystallographic data in CIF or other electronic format see
Introduction
Organometallic gold complexes have recently attracted increasing attention in inorganic medicinal chemistry based on their higher chemical bond stabilities compared to the traditional gold metallodrugs (e.g. auranofin) as well as their sophisticated biological effects. [1] [2] [3] Among these new metal based drugs gold(I) complexes with alkynyl ligands have entered the area of bioorganometallic chemistry and the derivatives that have been studied biologically can be grouped into the following types: neutral mononuclear alkynyl-Au(I)( phosphane), [4] [5] [6] [7] [8] neutral bi/trinuclear (alkynyl-Au(I)) 2 (alkyldiphosphane) 9 and di/trialkynyl-(Au(I)( phosphane)) 2/3 , 8, 10 and anionic mononuclear (alkynyl) 2 Au(I) 5 complexes. As a general note, the biological activities depended on the type of alkynyl and phosphane ligand and bioavailability was found to have a strong impact on the outcome of the biological studies.
In order to extend the pool of investigated types and to address the issue of bioavailability new alkynylgold(I) model complexes were designed, which feature a positive charge and a second metal moiety (cobaltocenium) as differences to the above listed types. In particular the cationic and heteronuclear character appeared promising considering bioavailability, reported pharmacological effects of different heterobimetallic gold organometallics, [11] [12] [13] [14] and the option to monitor cellular accumulation of different metal fragments of an individual compound. Additionally, the non cytotoxicity, high stability and bioavailability of the cobaltocenium moiety made this organometallic a perfect choice for the here described study. [15] [16] [17] 
Chemistry
As we have recently reported, trimethylsilylethynylcobaltocenium hexafluorophosphate (1) is available in 86% yield from cobaltocenium hexafluorophosphate by a two step protocol involving nucleophilic addition of trimethylsilylacetylide followed by oxidation/hydride removal with tritylium hexafluorophosphate. 18 Removal of the trimethylsilyl protecting group is easily possible with sodium fluoride, affording ethynylcobaltocenium hexafluorophosphate in 75% overall yield. 18 Having these starting materials in hand, gold(I) complexes 2 and 3 were prepared as outlined in Scheme 1. At first one might think that a standard organometallic approach involving deprotonation of ethynylcobaltocenium hexafluorophosphate would be the obvious route to the free ligand, and simple transmetalation with suitable gold electrophiles would give easy access to the desired cobaltoceniumethynide metal complexes. However, in practice this is not the case. Attempted formation of cobaltoceniumethynide by reaction of ethynylcobaltocenium hexafluorophosphate with butyl lithium in dry tetrahydrofuran showed that the betaine cobaltoceniumethynide is unstable, it reacted further by intermolecular nucleophilic exo-addition to the cobaltocenium moiety. This is a general reaction of carbanions with cobaltocenium salts, 19 in our case (unseparable) mixtures of various endohydride species were observed. Therefore, we used trimethylsilylethynylcobaltocenium hexafluorophosphate (1) as starting material that allowed in situ formation of the free betaine ligand cobaltoceniumethynide with concomitant complex formation by deprotection with sodium fluoride in the presence of gold precursor complexes chloro(triphenylposphane)gold(I) and chloro(dimethylsulfide)gold(I), respectively. Under these convenient reaction conditionsaqueous solution, no inert atmosphere necessary gold cobaltoceniumethynide complexes 2 and 3 were obtained as yellow powders in 45% and 63% yield, respectively. Both compounds contain the cobaltoceniumethynide ligand, an acceptor-substituted unusual "neutral" alkynide betaine due to its cationic cobaltocenium part. These two compounds are new examples of rare cationic Au(I) alkynide complexes, to the best of our knowledge the only other representative is [di(N-methylpyridinium-4-ethynide)gold(I)]iodide. 20 Electronically, a regular 18 valence-electron cobaltocenium moiety with a d 6 -Co(III) metal center is present, therefore 2 and 3 are diamagnetic compounds that are amenable to NMR characterization.
Most significant, the 13 C-signals of the ethynyl carbons are observed for complex 2 at 90.3 ppm (Au-CuC) and 129.2 ppm (Au-CuC), or for complex 3 at 93.4 ppm (Au-CuC) and 147.8 ppm (Au-CuC), respectively. The ethynyl group is also evident by its stretching vibration in the IR spectra: ν (CuC) = 2108 cm −1 (2), 2099 cm −1 (3).
Further spectroscopic characterization is provided by observation of the molecular ions of the cations of 2 and 3 in the positive mode FAB-mass spectra (compare Experimental section). For both complexes single crystal structure analyses are available ( Fig. 1 and ESI †) . ‡
Biological evaluation
As a first step in the characterisation of their biological properties, the cell growth inhibition of complexes 2 and 3 was determined in two cancer cell lines (HT-29 colon carcinoma and MDA-MB-231 breast cancer) as well as a non tumor cell line (RC-124 human kidney) ( Table 1) .
The monoalkynyl gold complex 2 triggered strong cytotoxic effects (IC 50 values in the range of 4-14 µM) in all cell lines and these data are in good agreement with previous studies on alkynylgold(I)( phosphane) complexes. 4,5,9 However, 2 was not selective for tumor cells as its activity in RC-124 cells was similar. In contrast to this, the dialkynyl derivative 3 was inactive against HT-29 and MDA-MB-231 cells and showed some minor effects against RC-124 cells. The cytotoxicity against RC-124 has also been observed with other metal complexes in our ongoing studies and might at least be in part related to different growth and cell culture conditions (e.g. RC-124 are maintained in gelatine pretreated cell culture flasks in contrast to the more robust and more adherent HT-29 and MDA-MB-231 cells). In this context it should also be noted that the cobaltocenium fragment itself is a non toxic moiety, and therefore the observed cell growth inhibitory activities can be ascribed to the gold(I) containing partial structure. 15 Microscopic evaluation of the effects of 2 against MDA-MB-231 cells showed a significant reduction of the cell layer, strong morphological changes and rounding up with detachment of the surface (Fig. 2) . This further confirms the strong cytotoxic effects of the compound and indicates the induction of apoptotic processes leading to cell death. Time- lapse microscopy showed that the cytotoxic effects occurred already after short exposure within a few hours and continued over the whole exposure period (see video in the ESI †). The enzyme thioredoxin reductase is considered as an important molecular target for many gold species. [1] [2] [3] In fact complex 2 was an effective inhibitor of TrxR with an IC 50 value of 0.110 (±0.007) µM.
As indicated above, the combination of a cobaltocenium moiety and gold(I) in a single organometallic compound suggests to monitor the bioavailability of both metals simultaneously. Comparable levels of both metals in biological tissue would indicate that the compound is transported in an intact form. High resolution continuum source atomic absorption spectroscopy was used to assess both gold and cobalt levels in cells exposed to the bioactive complex 2 over a period of 48 h according to previously established procedures ( Fig. 3) . 21, 22 The HT-29 cell line was chosen for this purpose as 2 triggered a higher IC 50 value in this cell line allowing exposure to higher concentration of the compound without strong reduction of the cell biomass. To the best of our knowledge, this is the first report on the quantification of cellular uptake of both transition metals of a heterodinuclear complex by an appropriate trace element spectrometric technique.
In fact over the whole exposure period the levels of cobalt and gold were in a comparable range within the experimental errors of the assay (range: 10-30 nmol of metal per milligram of cell protein). This indirectly suggests that the complex enters the cells in an intact form without major dissociation of the two organometallic fragments.
The measured cellular metal levels in HT-29 cells corresponded to molar cellular concentrations roughly in the range of 200-600 µM. § Taking the exposure concentration of 20 µM into account, this shows that 3 is effectively accumulated in the cells approximately 10-30-fold. The cellular metal levels were achieved rapidly (high levels already after 1 h of exposure) and were stable with only a not significant decrease after extended incubation (48 h).
Conclusions
In conclusion we reported here on an unusual heterobimetallic gold alkynyl complex with a cobaltocenium partial structure. The bimetallic character of the compound allowed simultaneous monitoring of the cellular uptake of both metal moieties and indirectly suggested a high biological stability of the compound. The complex is a strong inhibitor of TrxR, which is a common biological target for many gold species.
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